Introduction {#s1}
============

The Rationale for Additional Research in the Area of Physical Activity and Health Outcomes in Persons Living With Type 1 Diabetes
---------------------------------------------------------------------------------------------------------------------------------

Rates of type 1 diabetes (T1D) have increased globally over the past 2 decades ([@B1]--[@B4]) and it currently is the most common endocrine condition in children and young adults ([@B5]). A diagnosis of T1D increases the risk of micro- and macro-vascular complications that reduce life expectancy by as much as 15 years ([@B6]--[@B10]). The increased morbidity associated with T1D is significantly reduced with improved blood glucose control ([@B11], [@B12]). In conjunction with carefully titrated insulin and dietary modifications, most national health guidelines strongly recommend participation in regular physical activity (PA) for achieving optimal health for people with T1D. Unfortunately, there is little experimental evidence available to guide recommendations and/or behavior modification for persons living with T1D, particularly children and adolescents ([@B13]). This review is distinct from recently published comprehensive reviews ([@B14]--[@B19]) that have addressed areas of weight management, glucose monitoring, managing glucose during exercise and the physiological responses to exercise. We suggest readers also read the comprehensive review by Riddell et al. ([@B14]) that emerged from a consensus conference hosted by the JRDF PEAK programme and the Exercise for Type One Diabetes (EXTOD) group as it provides an excellent overview on the strategies for safely adopting an active lifestyle for persons living with T1D. We also recommend a review by Codella et al. ([@B19]) as it provides a thorough overview of the physiological benefits of exercise for persons with T1D and the potential for new technologies in supporting a more active lifestyle. The purpose of this narrative review is to provide an updated overview of the highest quality evidence for what we know about PA for persons living with T1D, gaps in the literature that could guide future research programs and finally, explore the benefits of patient engagement and co-development of a research agenda for the next wave of research in the field. This narrative review will complement other recent reviews as it will include a larger scope of research designs to summarize and describe the current state of evidence and identify literature gaps. While the studies included were not selected using a systematic process, we attempted to restrict the discussion to those with the most representative samples, robust designs and clinically relevant end-points. Additionally, we will explore the role of patient partners and models for patient-centered priority setting in determining the next generation of clinical trials/studies for persons living with T1D, which has not been an included goal in previously published reviews in this area.

The Benefits of Physical Activity on Health Outcomes in Persons Living With T1D
-------------------------------------------------------------------------------

Evidence for most PA guidelines are derived largely from prospective observational cohort studies ([@B20], [@B21]). Recent studies exemplify the advantages of a prospective cohort design for studying the association between PA and health outcomes ([@B22]--[@B24]). With adequately powered, representative samples, PA can be quantified across various domains (intensity, duration, frequency, type, timing) and with sufficient follow-up, differences in major health-related outcomes, including mortality, can be compared across these domains. As is the current trend, these associations can be replicated in similar cohorts and confounders can be controlled for using state-of-the-art methods ([@B25]). As some of these landmark cohort studies include serial measures, it is also possible to assess the association between changes in behavior over time and health outcomes ([@B26], [@B27]); however, few studies have applied this approach to the study of PA and major chronic diseases. As changing and sustaining PA behavior is challenging, adequately powered randomized controlled trials with sufficient follow-up time to examine dose-specific effects are extremely rare. Therefore, prospective cohort studies provide the bulk of the evidence to date on the association between PA and health outcomes in the general population and persons living with T1D.

Observational studies clearly demonstrate that regular PA is associated with several health benefits for patients with T1D ([@B28]), including higher cardiorespiratory fitness, lower serum cholesterol, enhanced vascular health, more favorable body composition and higher quality of life ([@B29]--[@B44]). A large cross sectional study of 18,000 persons with T1D from clinics across Germany revealed that higher levels of PA were associated with lower HbA1c, BMI, risk of hypertension, and dyslipidemia ([@B45]). Collectively, these benefits may contribute to the lower risk of complications ([@B46]) and increased life expectancy seen in physically active persons with T1D ([@B47], [@B48]). The first prospective study to examine this question, the Pittsburgh Insulin Dependent Diabetes Mellitus Morbidity and Mortality Study ([@B46], [@B48]), relied on a cohort of 671 patients within a registry of \~2,000 patients with T1D. Activity was assessed using a standardized questionnaire during a clinical visit and patients were followed for up to 25 years for rates of macro- and micro-vascular complications. Among men, those that did not participate in sport-related activities were \~3-fold more likely (31 vs. 11%, *p* \< 0.05) to develop macro-vascular disease, compared to those that did. In a follow-up study, the authors found that participation in competitive sports as an adolescent was associated with a reduced odds of nephropathy, neuropathy and macro-vascular disease, relative to those that did not participate in competitive sports during high school. This association was not observed in women and it is unclear to what extent the analyses controlled for confounders.

More recent studies of larger cohorts (\~2,000--3,000) of persons living with T1D in Europe and Scandinavia suggest that the association between PA and long-term cardiovascular disease (CVD) risk is modest and may be modified by other lifestyle factors that cluster with activity levels, particularly smoking. The FinnDiane study has published several analyses of self-reported PA on all-cause and CVD-specific mortality ([@B49], [@B50]). FinnDiane enrolled \~5,000 adults with T1D into a cohort study in 1995, with 2,300--2,600 completing questionnaires on the type, duration and intensity of weekly PA. Early work revealed that participation in more frequent (\>2 days/week vs. \< 1 day) and intense activity (high degree of subjective shortness of breath and sweating vs. none) were both associated with a \~50% reduced risk of proteinuria and progression to chronic kidney disease ([@B51]). As of 2014, 270 participants in the cohort had died and \~300 lived with chronic kidney disease. In the two most recent analyses, mortality was 70--100% higher in the most sedentary sub-groups in the cohort compared to those the highest tertiles of total leisure time PA and intensity of PA ([@B50], [@B51]). Importantly however, the strength of these associations are significantly reduced when adjusted for key confounders, particularly smoking ([@B50]). Therefore, the precision of these estimates remains questionable. Similarly, a preliminary analysis of the Joslin 50 years Medalist cohort in which participants self-reported PA showed that those who reported exercising regularly experienced a 45% lower risk of mortality; however, similar to previous studies, these analyses were only adjusted for a handful of confounders ([@B52]). Incredibly, no systematic reviews with meta-analysis of prospective cohort studies of PA and health outcomes among persons with T1D has ever been published. Accordingly, the strength of these associations remains restricted to small cohorts followed for a limited number of years.

These associations provide promising evidence for a protective association of PA on CVD and mortality among persons living with T1D, however they are far from conclusive. The findings presented above could be significantly strengthened by (1) conducting a rigorous systematic review of observational studies; (2) conducting larger cohort studies or a meta-analysis of individual level data with longer follow-up using objective measures of PA; (3) creating cohort studies with serial measures of PA over time to determine the association between changes in PA and long term CVD risk and finally, (4) creating cohort studies that conduct more robust analyses using propensity score matching or instrumental variable analysis to rigorously control for measured and unmeasured confounding. Finally, as PA is a behavior that tracks from adolescence through to adulthood, there is a major gap in our understanding of PA behavior in adolescence and health outcomes in adulthood. As recently argued ([@B53]), there is a dire need for more robust epidemiological work in the area of PA and chronic disease risk among persons living with T1D.

Clinical Trials of Physical Activity and Health Outcomes among persons living with Type 1 Diabetes {#s2}
==================================================================================================

A series of systematic reviews of clinical trials of PA and health outcomes in persons with T1D were published in the past few years, by our group ([@B54]) and others ([@B55], [@B56]). The most recent systematic review published in May 2018 ([@B55]), included 15 randomized trials of aerobic-only exercise interventions lasting 12--26 weeks that included 596 participants. Of these, 11 reported changes in HbA1c, 7 changes in body weight and 6 changes in VO2peak. Fewer studies reported changes in blood pressure or serum lipid profiles. Meta-analysis of available clinical trials revealed that structured exercise had no effect on HbA1c (MD: −0.08%, 95% CI: −0.38, 0.22; *p* = 0.6). However, structured exercise lowered daily insulin requirements (MD: −0.23 IU/kg, 95% CI −0.37, −0.09; *p* = 0.002) and body weight MD: −2.20 kg, 95% CI: −3.79, −0.61; *p* = 0.007) and increased peak oxygen uptake (4.08 mLO~2~/kg/min, 95% CI 2.18, 5.98; *p* \< 0.0001). The authors attempted to discern a dose effect of PA on health outcomes as others have done ([@B57]), however were significantly underpowered to compare interventions that achieved recommended weekly requirements for moderate to vigorous PA (\>150 min), compared to those that did not. Similar effects were seen in a systematic review and meta-analysis of 10 randomized and 16 non-randomized trials of exercise interventions lasting 2--39 weeks among children and adolescents ([@B56]). A relatively small trial (*n* = 51) of adolescents with T1D ([@B58]), published 3 years after this review, found that 20 weeks of endurance training, delivered four times weekly for 60 min, reduced total daily insulin dose and improved body composition and cardiorespiratory fitness compared to controls. The program also elicited modest improvements in measures of left ventricular systolic function and submaximal total peripheral resistance compared to controls, without any change in glycemic control or systolic and diastolic blood pressure. Overall, there is insufficient clinical trial data available to determine if structured exercise reduces risk factors for CVD in persons with T1D. Accordingly, there is a need for highly powered randomized controlled trials with prolonged follow-up to determine the efficacy of structured exercise on CVD-related health outcomes among persons living with T1D.

Behavioral Trials of Promoting PA among Persons Living with Type 1 Diabetes {#s3}
===========================================================================

Randomized trials of structured, supervised exercise provide insight into the physiological adaptations associated with increased PA. In contrast, behavioral trials provide insight into how best to motivate individuals to adopt a more active lifestyle ([@B59]). The most recent systematic review of randomized trials of behavior modification for persons with T1D was published in 2015 ([@B60]). The authors identified 27 trials with 2,351 participants with T1D that delivered an intervention to modify self-management behaviors, some of which included PA ([@B60]). The trials that measured HbA1c (*n* = 22) observed an overall effect size of 0.16 (95% CI: 0.0--0.3), suggesting modest improvements in glycemic control with behavioral interventions. This effect was nearly twice as large if the intervention was grounded in an established theoretical model (Cohen\'s d: 0.22 vs. 0.12, *p* \< 0.001). An updated review with recently published trials has not been conducted and therefore the efficacy of behavioral-based interventions to increase PA among persons with T1D remains unclear.

In a recent behavioral pilot trial in the UK ([@B61]), 58 young adults (32 ± 11 years) were randomized to a motivational interviewing intervention to increase daily PA with near biweekly meetings with a registered nurse, or standard clinical care. Participants in the intervention arm were targeting 150 min of moderate to vigorous PA weekly initially, with a long-term goal of achieving 240 min of moderate to vigorous PA weekly ([@B61]). An analysis restricted to participants that completed all data collection procedures found that the intervention group increased their weekly moderate to vigorous PA by \~40 min and experienced a \~10% increase in peak oxygen uptake. The control group decreased their weekly moderate to vigorous PA and experienced a \~10% decline in peak oxygen uptake. Patients in the intervention arm also experienced improvements in insulin sensitivity and reductions in total daily insulin relative to those in the control arm. This pilot trial suggests that motivational interviewing may be effective for increasing weekly PA among persons with T1D and that these changes may elicit benefits in the determinants of metabolic control, however larger trials with more prolonged follow-up are needed to confirm these results.

An excellent example of a clinically relevant behavioral intervention to support increased PA was recently published by the FLEX study group ([@B62]). An 18 months intervention that relied on motivational intervention and problem solving skills significantly improved quality of life and motivation for self-care among adolescents with T1D. Flexibility in program delivery and strategies to overcome barriers were core elements for eliciting behavior change. As the authors did not quantify PA behavior, it would be interesting to determine if a similar approach, focused on barriers to being active, would elicit similar effects, particularly among adults living with T1D.

The major take-away from these systematic reviews and recently published trials is that there is a glaring lack of adequately powered clinical trials of PA on health-related outcomes in persons living with T1D (Summarized in [Table 1](#T1){ref-type="table"}). Furthermore, among those published to date, few have reported outcomes beyond glycemic control and bodyweight. Therefore, there is a major gap in our understanding of the role, dose and long-term effectiveness of PA on clinically-relevant health outcomes (cardio-renal risk, mental health, quality of life, diabetes self-management) among persons with T1D. Adequately powered randomized trials with an extended long-term follow-up, similar to the Diabetes Prevention Program ([@B63]), The Finnish Diabetes Prevention Study ([@B64]) and the Look-AHEAD trial ([@B65]) are needed to provide clear evidence for the long-term health benefits of increasing PA among persons living with T1D.

###### 

Knowledge and gaps in epidemiological research of physical activity for persons living with type 1 diabetes.

  --------------------------------------------------------------------------------------------------------------------------
  **Type of study**            **Physical activity knowledge**    **Gaps**
  ---------------------------- ---------------------------------- ----------------------------------------------------------
  Prospective Cohort Studies   Lower lipid profiles\              Small sample sizes\
                               Lower BP\                          Lack of triangulation of data\
                               Reduced risk of CVD                Poor control of confounding

                               Reduced mortality                  Lack of objective measures of PA

  Clinical Trials              No effect on HbA1c\                Efficacy for lowering BP\
                               Lower daily insulin requirement\   Efficacy for improving lipid profiles
                               Weight loss\                       
                               Increased VO~2~peak                

  Behavioral trials            Improved self-management\          Optimal theoretical model for long term adherence to PA\
                               Reduced HbA1c\                     Optimal delivery model for increasing PA
                               Increased short-term PA            
  --------------------------------------------------------------------------------------------------------------------------

*BP, blood pressure; CVD, cardiovascular disease; HbA1c, glycated hemoglobin; PA, physical activity; VO~2~, oxygen uptake*.

Physical Activity and Hypoglycemia in Persons with Type 1 Diabetes {#s4}
==================================================================

Hypoglycemia is the most common and life-threatening acute complication for persons living with T1D. It is also a key barrier to achieving optimal glycaemic control ([@B66], [@B67]). In the seminal Diabetes Control and Complications Trial, severe hypoglycemic events were 2- to 3-fold higher in the intervention arm ([@B11]) and 65% of patients in that arm experienced at least one severe hypoglycaemic event per year during the 7 years intervention ([@B66]). The risk of hypoglycemia is intimately linked with participating in PA for persons living with T1D ([@B68]--[@B70]). The fear of hypoglycaemia is a significant barrier to adopting a physically active lifestyle for persons with T1D ([@B71], [@B72]). While prolonged intervention and cohort studies provide insight into the long-term health benefits accrued with increased PA, studies of a single bout of exercise provide insight to the role of exercise on acute glucose control and the risk of hypoglycemia ([@B73]--[@B75]).

Exercise-induced hypoglycemia occurs secondary to a rapid increase in glucose uptake and insulin sensitivity ([@B76]--[@B78]) that persists for up to 48 h following exercise ([@B76]). As little as 30 min of moderate intensity PA increases the risk of nocturnal hypoglycemia by as much as 30% ([@B79]), while 75 min of moderate intensity PA triples the rate of nocturnal hypoglycemia ([@B69]). Several strategies exist to prevent exercise-induced hypoglycemia in patients with T1D. They include withholding pre-exercise insulin ([@B80], [@B81]), increasing carbohydrate intake during or following exercise ([@B80], [@B82]) and reducing basal or night time insulin ([@B68]). Unfortunately, as these strategies all result in transient hyperglycaemia ([@B73]), they compromise glycaemic control ([@B68], [@B83]), which can be an undesired consequence of exercise for patients who desire tight glycaemic control.

Vigorous Intensity Physical Activity and Glucose Control in Persons With Type 1 Diabetes
----------------------------------------------------------------------------------------

Physical activities can be stratified into light, moderate and vigorous intensity activities ([@B84], [@B85]). Moderate intensity PA is defined as exercise that requires 3--6 metabolic equivalents (METS) of energy expenditure (equivalent to walking 4.0--6.8 km/h). Exercising at this intensity significantly increases glucose disposal, enhances insulin sensitivity and improves metabolic health outcomes ([@B85]--[@B88]). In individuals without T1D, insulin levels decrease at the onset of moderate-intensity PA to counter the enhanced glucose uptake and protect individuals from hypoglycemia ([@B89]). In individuals with T1D, insulin is supplied exogenously and does not decrease at the onset of exercise ([@B89]). The combination of insulin- and contraction-mediated glucose uptake significantly increase their risk for hypoglycemia during and after exercise ([@B90]). As moderate intensity PA is associated with health benefits and is perceived to be easy for most sedentary patients, it is the most commonly recommended intensity of PA by health care professionals and clinical guidelines ([@B81], [@B82]). However, this approach may exacerbate the fear of hypoglycaemia ([@B71]), as it is the intensity with which hypoglycemia is most likely to occur.

Similar to moderate intensity PA, exercising at \>85% of maximal oxygen consumption (VO~2~max---i.e., vigorous intensity PA) significantly increases glucose disposal into skeletal muscle ([@B89]). In contrast to moderate-intensity PA however, vigorous intensity PA also causes a rapid and sustained increase in counter-regulatory hormones (catecholamines, glucagon, and cortisol) ([@B14], [@B91], [@B92]). This surge in hormones stimulates glucose output from the liver ([@B89], [@B93]) and partially reduces glucose uptake into skeletal muscle ([@B94]). This hormonal surge and accompanying increase in hepatic glucose output ([@B89]) causes mild, transient hyperglycaemia, especially in individuals with T1D ([@B91], [@B92]). Several acute, cross-over laboratory-based trials suggest that adding vigorous intensity intervals to standard moderate intensity exercise sessions (the typical type of exercise prescribed by diabetes educators) stabilizes blood glucose during and following exercise, thereby preventing hypoglycemia ([@B73]).

Vigorous Intensity Exercise Can Prevent Hypoglycaemia?
------------------------------------------------------

Recent single-session laboratory-based studies have examined the potential role of adding high intensity intervals exercise sessions to combat the post-exercise hypoglycemic risk associated with moderate-intensity activity. A number of investigators have cleverly capitalized on this physiological response and prevention strategy over the past 10 years. Our group ([@B73]) and others ([@B75]) completed systematic reviews with a meta-analysis of studies of the acute blood glucose response to exercise ([@B91], [@B92], [@B95]--[@B99]) to determine the magnitude of this effect. We restricted analyses to studies that directly compared intermittent vigorous intensity exercise to continuous moderate intensity exercise on post-exercise glucose control during a single exercise session using a randomized cross-over trial design. Five of six studies found that adding bouts of vigorous intensity exercise lasting 4--15 s at 80--100% of VO~2~max with \~2 min of rest increased counter-regulatory hormones 2- to 4-fold above levels seen with moderate intensity exercise and reduced post-exercise hypoglycemia by 30--70%([@B91], [@B92], [@B96], [@B97], [@B99], [@B100]). One study by Riddell et al. ([@B14]) found that adding vigorous intensity sprint intervals (15 s at 100% of VO~2~max) effectively normalized nocturnal blood glucose levels and decreased the time spent in hypoglycemia (≤ 3.9 mmol/L) by \>70% ([@B97]). The overall effect of adding vigorous intensity exercise to a standard moderate intensity exercise session was a 38% reduction in post-exercise hypoglycemia. These data provide evidence that adding vigorous intensity PA to a standard moderate intensity exercise may prevent hypoglycemia acutely. However, no randomized controlled trial has ever determined if this approach would prevent hypoglycemia over the course of a longer exercise intervention. Therefore, the practical implications of this strategy remain in question.

Controversy Surrounding Vigorous Intensity Physical Activity and Glucose Control in Type 1 Diabetes {#s5}
===================================================================================================

In an attempt to translate these observations into a real-world context, our lab recently completed a series of studies examining the acute effects of adding vigorous intensity exercise to moderate intensity exercise sessions on hypoglycemia and glucose variability for the subsequent 24 h ([@B101]). In contrast to previous studies, we relied on running-based intervals (vs. cycling), administered the intervals in the late afternoon, when most people select to train, and did not rigorously control glucose levels, to reflect a persons daily variation in glucose. In studies of sedentary persons across multiple intensities of intervals ([@B101]) followed for a week during their training and in the lab following a session of vigorous intensity intervals (1 min at 90% of max; 2 min easy), we were unable to replicate these findings. Several other groups were unable to replicate the effects of vigorous intensity exercise on hypoglycemic risk seen in these earlier studies ([@B98], [@B102], [@B103]). These findings suggest that the practical application of adding vigorous intensity intervals to a moderate exercise session for predictable prevention of hypoglycemia remains uncertain.

In addition to these studies, recent work in Denmark suggests that the addition of high intensity exercise to a regular exercise training regimen may be hazardous among individuals who are hypoglycemia unaware ([@B104], [@B105]). This is a dangerous observation as reducing the physiological response to hypoglycemia is a major risk factor for severe hypoglycemic events. Taken together, there is growing evidence that vigorous intensity exercise may not be the key to improving metabolic control in persons with T1D and should be done progressively and consciously of its effects on counter-regulatory response to hypoglycemia.

The Influence of Physical Activity on Glucose Variability in Persons With T1D
-----------------------------------------------------------------------------

One of the most robust predictors of hypoglycemia in persons with diabetes is the degree of glucose variability ([@B106]--[@B108]). Glucose variability is defined as the magnitude of changes in glucose beyond what is usually or normally expected for an individual ([@B81], [@B82]). Identification of glucose variability relies on frequent, systematic glucose monitoring ([@B109], [@B110]), which can provide a sensitive, quantifiable measure of glycemic variance over a given time period. For example, while two individuals may display similar HbA1c levels, they may differ significantly on the frequency or magnitude of glucose dispersion from fasting levels, particularly in the post-prandial period ([@B110], [@B111]). Data from 3,100 episodes of hypoglycemia from 655 patients in the DCCT found that the risk of hypoglycemia increased in a dose-response manner with increasing glucose variability ([@B106]). With the widespread use of continuous glucose monitors in clinical management and research ([@B112]), more sensitive and robust measures of glycemic control and variability are available as outcomes for exercise studies ([@B113]--[@B115]). With the advances made with continuous glucose monitors, there are limitless opportunities to examine the influence of exercise on glucose variability ([@B16]), the role of glucose monitors in supporting safe and predictable adoption of a more active lifestyle and the long-term impact how achieving time in target range can improve the perceived benefits of exercise by persons living with T1D. To date, no study has ever examined the chronic effects of exercise training on glucose variability in persons with T1D. With the increasing use and availability of continuous glucose monitoring ([@B112]), there is a huge opportunity to study the impact of exercise at various doses on glucose variability, particularly when performed at different times of the day. A summary of what is currently known regarding vigorous intensity PA and health among persons with T1D and the major perceived gaps in the literature is provided in [Table 2](#T2){ref-type="table"}.

###### 

Vigorous intensity intervals and hypoglycemia risk in persons with type 1 diabetes.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Type of study**                                                                       **Physical activity knowledge**                            **Gaps**
  --------------------------------------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------------------------------------------------
  Carefully controlled laboratory Studies---Tight glucose control; mid-morning activity   Attenuates decline in glucose during exercise\             Influence of timing (morning, afternoon, evening) unclear.\
                                                                                          Reduced post-exercise decline in blood glucose             Little data on glucose variability

  Laboratory-based studies, less control, mid afternoon                                   No influence on hypoglycemia risk or glucose variability   Minimal intensity needed to alter glucose response undetermined\
                                                                                                                                                     Unclear if gender or fitness influence the effect

  Epidemiological or Clinical trial Data                                                  None                                                       No observational studies comparing time spent in different PA intensities on health\
                                                                                                                                                     No long term trials existing comparing vigorous to moderate intensity training on health outcomes
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Patient-Oriented Research Within the Field Physical Activity and Health Outcomes Among Persons Living With Type 1 Diabetes {#s6}
==========================================================================================================================

With a dearth of evidence within nearly every sub-field of PA and T1D research, opportunities are limitless to launch clinically meaningful studies that are aligned with the priorities of the individuals living with T1D. Patient-oriented research is founded upon four main tenets of practice: (1) inclusive research processes; (2) collaborating respectfully with stakeholder populations; (3) recognizing the value of patient experiences with conditions and; (4) conducting research informed by the needs of the patients ([@B116]). As there are major gaps across all study designs in the field of PA and T1D, research should be encouraged to engage patients when addressing the gaps identified above ([@B117]). The Canadian Institutes of Health Research (CIHR), a major funding body of research in Canada, launched the Strategy for Patient-Oriented Research in 2010 to fund and facilitate research projects involving patients ([@B118], [@B119]). Patient-centered medicine, the provision of personalized medical care that accounts for the needs and preferences of individual patients ([@B120]) is ideal for this field as both patients and providers ([@B121], [@B122]) struggle with including PA in routine self-management plans. In an effort to make PA research more relevant to patients and providers, PA-based interventions for persons with T1D should include patient-reported outcomes and explore models of shared decision making for adopting a more active lifestyle.

Patient engagement in PA and T1D research programs is in its infancy, relative to other areas of endocrine research. The two main goals for engaging patients in PA-based research are to improve health outcomes during interventions and optimizing the patient experience of health care ([@B123]). In terms of research, CIHR defines patient engagement as "meaningful and active collaboration in governance, priority setting, conducting research and knowledge translation" ([@B119]). In the United Kingdom, the term "public involvement" is preferred and supported by the National Institutes of Health Research to describe this same concept \[NIH ([@B124]) Public Involvement\]. Engaging patients within PA and T1D research programs could facilitate the implementation and relevance of study findings, ease the recruitment process, improve validity/credibility of results and address disparities between funded research and end user needs ([@B116], [@B124]). All of these are major limitations to the research summarized above.

The first step in the process of patient engagement for PA-related research for persons living with T1D is to set priorities from patients, caregivers and providers. Several recent examples for persons living with type 1 and type 2 diabetes serve as models for future research programs. One example is a large multinational survey study published in 2013 collected data from 16,000 individuals with a significant connection to type 2 diabetes (i.e., patients, family members, and health care providers) ([@B125]). The survey queried these stakeholders regarding perceived gaps in diabetes health care and suggestions on improving care. The James Lind Alliance (JLA) is an initiative funded by the National Institutes of Health Research in the United Kingdom ([@B126], [@B127]). This group has developed an internationally recognized method of establishing patient priorities for treatment research and has worked on projects spanning over 100 different diseases ([@B128]). This process involves the distribution of an open-ended survey to the public regarding questions about treatments, and partners with stakeholders to prioritize the responses into a top ten list of research questions ([@B129]). This partnership approach has created research priorities for persons living with T1D ([@B130]) ([Table 3](#T3){ref-type="table"}), type 2 diabetes ([@B131]), hypertension, and childhood disability. The JLA model is an excellent starting point for determining the next steps for PA research with persons living with T1D as it will provide scientists with the topics more relevant and meaningful to patients.

###### 

Patient, caregiver and provider priorities for research related to type 1 diabetes.

  **James lind alliance top 10 research questions**   
  --------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  1                                                   Is it possible to constantly and accurately monitor blood sugar levels, in people with type 1 diabetes, with a discrete device (non-invasive or invasive)?
  2                                                   Is insulin pump therapy effective? (immediate v deferred pump, and comparing outcomes with multiple injections)
  3                                                   Is an artificial pancreas for type 1 diabetes (closed loop system) effective?
  4                                                   What are the characteristics of the best type 1 diabetes patient education programmes (from diagnosis to long term care) and do they improve outcomes?
  5                                                   What are the cognitive and psychological effects of living with type 1 diabetes?
  6                                                   How can awareness of and prevention of hypoglycaemia in type 1 diabetes be improved?
  7                                                   How tightly controlled do fluctuations in blood glucose levels need to be to reduce the risk of developing complications in people with type 1 diabetes?
  8                                                   Does treatment of type 1 diabetics by specialists (e.g., doctors, nurses, dieticians, podiatrists, ophthalmologists, and psychologists) trained in person-centred skills provide better blood glucose control, patient satisfaction and self-confidence in management of type 1 diabetes, compared to treatment by non-specialists with standard skills?
  9                                                   What makes self-management successful for some people with type 1 diabetes, and not others?
  10                                                  Which insulins are safest and have the fewest (long term) adverse effects?

Examples of Patient Engagement in Research for Persons Living With T1D
----------------------------------------------------------------------

In 2012, data from a piloted intervention became available that tested the effectiveness of an iPhone application named "bant" to increase the frequency of blood glucose testing in youth ([@B132]). The app was designed, developed and pilot tested in consultation with patients, parents and health care providers and was found to be moderately effective in increasing the number of blood glucose tests per day. Another eHealth intervention engaged young patients, parents, health care providers, and teachers in designing an online education program aimed at helping youth understand appropriate insulin adjustments to account for food intake ([@B133]). The youth patients were involved in designing the host website and address potential barriers to user-friendliness, and the collective steering group worked in unison to develop the content of the program (Kids In Control OF Food---KICk-OFF). To the best of our knowledge, similar patient-developed, exercise-focused applications have yet to be developed or tested for individuals living with T1D.

Perhaps one of the largest examples of patient engagement in T1D research is the D1 Now study in Ireland ([@B134], [@B135]). This project recruited a young adult panel as co-investigators who were involved in writing grants, organizing a large international workshop, writing plain English summaries in journal articles and promoting the study using social media outlets. One purpose of the consensus conference organized by the panel was to obtain consensus from a wide range of stakeholders regarding a core outcome set to be measured in a new complex intervention trial for improving blood glucose monitoring in T1D youth ([@B135]). The conference was attended by 110 individuals from seven different countries, including Canada. This process resulted in consensus on eight core outcomes to be included in the trial: (1) measures of diabetes-related stress; (2) diabetes-related quality of life; (3) number of severe hypoglycemic events; (4) self-management behaviors; (5) number of diabetic ketoacidosis events; (6) HbA1c; (7) level of clinic engagement and; (8) perceived level of diabetes control ([@B135]). The conference also included a "Hackathon" that paired computer programmers with diabetes stakeholders to create technological supports for T1D youth ([@B134]), where the winning pitch involved the use of motivational and informational content on an existing popular social media platform, Snapchat. These outcomes should be included in the design of future clinical trials and cohort studies of PA and health outcomes among persons living with T1D as they reflect the priorities of young people and could be harmonized for replication of findings with the D1 Now study group.

The James Lind Alliance published the results from their T1D partnership in 2012 ([@B130]). This partnership engaged 10 stakeholders in prioritizing the 1,259 initially submitted research questions to develop a top 10 list ([Table 3](#T3){ref-type="table"}). This list included but was not limited to questions pertaining to the artificial pancreas, prevention of hypoglycemia, insulin pump therapy and long-term effects of various insulin analogs. A secondary analysis compared this list to recently funded research projects and found that several of the research topics were being pursued, but many were also not ([@B136]). Areas of disagreement between patient priorities and funded research included health care cost-effectiveness of providing additional blood test strips to patients, disparities in regular diabetes care, development of alternative methods of insulin delivery, psychosocial health and the female reproductive health cycle. Although the JLA process is highly recognized, the T1D partnership was not without its limitations. Snow and colleagues examined the research questions that were submitted by stakeholders but excluded in early phases of data analysis ([@B137]). Incredibly, they found that having lived experience (patient or caregiver) of T1D increased the likelihood of having a research question rejected relative to questions provided by health care providers. This project also thematically analyzed the excluded questions and discovered four major themes of researchable questions that were not analyzed due to the inclusion criteria: (1) questions concerned with finding a cure for T1D; (2) questions concerned with the cause or possible prevention of T1D; (3) questions to further understand the mechanisms of the disease (i.e., blood glucose fluctuations, risk factors etc.) and; (4) questions concerned with practice and policy changes.

Patient Reported Outcomes and Experiences
-----------------------------------------

A starting point for working with patient partners in PA and health outcomes research for persons living with T1D, would be to ensure that future studies include patient reported outcome measures and patient reported experiences, as they pertain to PA. With regards to patient reported outcome measures, simple tools including quality of life, diabetes-related quality of life and measures related to self-management are standard in other clinical trials. As PA can be viewed as burdensome to patients, potentially increasing the challenging of achieving target glucose control, these measures become even more important for providers and caregivers.

The patient experience is a key element of quality of care and health systems improvement. The experience of a provider\'s confidence prescribing activity, ability to tailor management to meet the needs of individuals active lifestyle and ability to share in the decision making process around including PA in a person\'s self-management plan are examples of patient experiences that could limit engagement in regular daily PA. Our group intends to conduct an extensive scoping review of clinical trials published to date, to identify if any trials have been conducted that included patient-reported outcome measures, patient experiences or evidence of patient engagement in research related to PA. To the best of our knowledge, these experiences have yet to be captured within PA-based trials, therefore best practices for enhancing the experience of providing PA consultation to persons living with T1D remains unclear.

Conclusion and Summary {#s7}
======================

We recognize that the studies described about were not systematically selected and therefore are at risk of a selection bias. However, we attempted to focus on the most robust, representative and clinically relevant studies published to date, in an effort to identify gaps in the most rigorously designed studies to date. Despite this limitation, among the studies described, we identified that the area of PA and health among persons living with T1D is rife with gaps that limit the uptake of this work into clinical practice ([Figure 1](#F1){ref-type="fig"}). Across the spectrum of study designs, there are multiple opportunities for scientists to make meaningful contributions to the field. As outlined in [Figure 1](#F1){ref-type="fig"}, many of the gaps in epidemiological research that would inform guidelines, could be addressed through large scale, multi-center observational studies and clinical trials focused on hard health-related outcomes. These studies could be designed in a way that would facilitate uptake into clinical practice by including patient partners throughout the research process. Partnering with experts in patient engagement and patient reported outcome/experience measures will facilitate this process.

![Gaps in the field of physical activity and type 1 diabetes research.](fendo-10-00042-g0001){#F1}
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